Dust emission estimated with a 4D-Var data assimilation system using ground-based lidar network data was compared with vegetation growth data based on visual observations in the Gobi desert in Mongolia in the spring of 2007. The dust emission flux estimated with the data assimilation system was less than that estimated without data assimilation in the dust event of May 21− 30 and was the opposite in the event of March 25−April 3. The threshold surface friction velocity estimated from the results of the data assimilation was less than 0.3 m s −1 in the dust event of March 25−April 3 and was ~0.36 m s −1 in the event of May 21− 30. The difference between the two events was qualitatively explained by the vegetation growth data. The accumulated precipitation during the period was ~2 mm. The results show that vegetation growth with slight precipitation in the Gobi desert may significantly reduce dust emission.
Introduction
Vertical distributions of aerosols are observed continuously with the lidar network operated by the National Institute for Environmental Studies . Currently, twowavelength (532 nm, 1064 nm) polarization (532 nm) lidars are operated at 20 locations in East Asia in cooperation with various research organizations and universities. The results of the network observations are used in various studies on Asian dust and air pollution (e.g., Uno et al. 2009; Nakajima et al. 2007) .
A four-dimensional variational (4D-Var) data assimilation system (RC4) was developed for Asian dust observations with the lidar network (Yumimoto et al. 2007 ) and applied to analyze dust events Uno et al. 2008; Hara et al. 2009 ). The results demonstrated that the assimilated model reproduced the distribution of Asian dust much better than the model without data assimilation. The assimilated model reproduced the surface PM10, the MODIS aerosol optical depth, and the dust extinction coefficient derived from the CALIPSO/CALIOP data. It was also shown that 4D-Var data assimilation is useful for better estimating the emission of dust in the source region. Data assimilation is also a powerful tool for dust forecasting. Recently, studies of data assimilation of aerosol observations using ensemble Kalman filters have been reported in several papers (e.g., Lin et al. 2008; Sekiyama et al. 2010) .
The results of an analysis of the three dust events in 2007 (March 25−April 3, May 4−13, and May 21−30) reported by Yumimoto et al. (2008) , Uno et al. (2008), and Hara et al. (2009) indicated that the dust emission in the Gobi desert estimated with assimilation was greater than that without assimilation in the March 25−April 3 event and less in the May 4−13 and May 21− 30 events. In this paper, we compare the results of the assimilated model with vegetation-growth data in Mongolia to understand the cause of the change in dust emission during the period from March to the end of May.
Method
We studied the results of the data assimilation of the lidar network observations during March 25−April 3 and May 21−30, 2007 Hara et al. 2009 ) and compared them with vegetation-growth maps on April 30 and May 30 prepared by the Institute of Meteorology and Hydrology, Mongolia (IMH).
The 4D-Var data assimilation system (RC4) is based on the regional chemical transport model (CFORS) (Uno et al. 2003) . In RC4, the dust emission factor, ε ij , which is a scaling factor in the following equation describing dust emission, is used as the control parameter ).
Here, u * is the surface friction velocity, and u *, th is the threshold surface friction velocity. The coefficient C is a function of snow cover, the Normalized Difference Vegetation Index (NDVI), and soil wetness. It is assumed that dust is emitted from the area where NDVI is less than −0.45. Seasonal variation of NDVI was taken into account, but with this threshold value, there is no large difference in the dust emission area between March and May. The dust emission area was therefore determined mainly by snow coverage. Soil wetness was also considered, although the effect was negligible in the present model. The threshold surface friction velocity u *, th , an essential parameter determining dust emission, was given as a function of soil texture at the grid point for dry condition. The effects of snow cover, vegetation cover, and soil wetness are included in the coefficient C in Eq. (1). u *, th , should be dependent on the growth of vegetation, though this it is not taken into account in the model. Instead, we introduce a dust emission factor, ε ij , which is determined with the data assimilation. We will estimate the change in u *, th from the determined ε ij in the discussion section below. f k in Eq. (1) represents the fraction of the kth particle-size bin among RC4's 12 size bins (radius 0.1−20 µm). In the current RC4 model, the size distribution of the dust uplift flux is the same in all dust-emission regions.
The dust emission factor, ε ij , can reflect errors in the initial model involving the surface conditions, threshold friction velocity, and meteorological parameters. In the analysis of the dust events with RC4, NCEP/NCAR reanalysis data were used for the boundary conditions. We therefore expect the largest factor in the change of the dust emission factor to be the surface conditions, especially with respect to vegetation growth (e.g., Engelstaedter et al. 2003) .
In the Gobi desert, plants such as Allium Polyrrhizum are widely distributed, and plant growth can suppress dust emission.
We used vegetation-growth data based on visual observations at 318 monitoring sites in Mongolia. Vegetation growth at each monitoring site was evaluated by comparing it with the growth in an average year and scoring it into five ranks, "high" (vegetation was grown earlier and quicker), "good" (grown normally), "moderate" (grown late and slowly), "bad" (grown slowly and partially dried up), "worse" (vegetation did not stick out and was Yumimoto et al. (2008) that the assumption of the same dust-size distribution of the dust uplift in all dustemission regions could be a cause of underestimation without data assimilation. We compared the wind speed of synoptic surface meteorological data (SYNOP data) at seven locations (Choir, Mandalgovi, Saikhan-Ovoo, Sainshand, Tsogt-Ovoo, Zamynuud, and Dalanzadgad) in the Gobi desert in Mongolia with the modeled wind speed. The modeled wind speed was underestimated at some locations on March 30, 2007. (See Supplement 1.) We may partly attribute the increase in the dust emission factor by data assimilation to error in the modeled wind speed.
Dust Emission Estimated with an Assimilated Dust Transport Model Using Lidar Network Data and Vegetation Growth in the Gobi Desert in Mongolia
During May 21−30, the dust emission was greatly overestimated without data assimilation. The averaged dust emission factor was less than 1 in the wide area of Gobi desert in Mongolia and in China. Figure 3 plots the daily dust emission and friction velocity during May 21−30. A similar plot for March 25−April 3 is presented in Fig. 7 of Yumimoto et al. (2008) . It can be seen that, without data assimilation, the total dust emission was higher in this period than during March 25−April 3, and that the dust emission was decreased with the assimilation. As seen in Fig. fully dried up). The general condition for the area is then evaluated and ranked as "good", "moderate", "semi drought", or "severe drought". Though the method is qualitative, the same criterion can be applied to a variety of vegetation types in Mongolia.
Results and discussion
Figures 1 and 2 map the dust emission during March 25−April 3 and May 21−30, 2007, as estimated with CFORS both with and without data assimilation. The averaged dust emission factor, (emission during the period with data assimilation)/(emission during the period without data assimilation), is also presented in the third panel of Figs. 1 and 2 .
During March 25−April 3, the dust emission increased with the data assimilation. A decrease is seen at some locations in Fig. 1 , but we should note that any dust emission factor calculated where the emission is small is not reliable. As discussed by Yumimoto et al. (2008) , most grid cells where dust fluxes are increased by assimilation are designated as having a loamy sand-soil texture. This probably indicates that one of the possible causes of the underestimation that occurs without data assimilation is associated 3, the period of major dust emission was from May 22 to 26. If vegetation is the cause of the reduced dust emission, there should be no temporal variation in the dust emission factor. The dust emission factor is less than 1 during the dust event (May 22−26), though variations are seen. Daily maps of the dust emission factor (not shown) also reveal some temporal and spatial variations. This indicates that there are factors other than vegetation, such as error in modeled wind field. We studied the SYNOP wind speed averaged over the seven stations in the Gobi desert in Mongolia and found that the modeled wind speed was underestimated on May 22 and 26. The modeled wind speed was overestimated on May 25. (See Supplement 2.) These results qualitatively explain the short term temporal variation in the dust emission factor. In any case, the significant general feature seen in Figs. 2 and 3 is the decrease of the emission with data assimilation. There was slight precipitation during the dust event, but it probably did not affect the dust emission.
The It is probably more appropriate from the dust emission mechanism point of view to discuss the change in the threshold surface friction velocity u *, th rather than the dust emission factor. We therefore estimated the corrected threshold surface friction velocity u *, th_cor from the dust emission factor determined by data assimilation. If we neglect the change in surface roughness and consequently in u * due to vegetation growth, etc., the u *, th_cor is estimated from the following equation . 
The estimated u *, th_cor , averaged throughout the model region for the present case (the May 21−30, 2007, event) is indicated by the green line in the bottom panel of Fig. 3 . It is greater than the value originally used in the model. The estimated u *, th_cor for the March 25-April 3, 2007, event is indicated by the orange line in Fig.3 . In the March case, u *, th_cor is smaller. It can be seen that the change from March to the end of May is significant. We need to be careful, however, with the value of u *, th_cor itself, especially for the March case, because of the possible error due to the error in modeled u * . Kurosaki and Mikami (2007) studied the threshold wind speed for dust emission statistically using SYNOP data. Their results of the seasonal variation of dust emission in the Gobi desert indicate an increase of in the threshold wind speed in May. This is qualitatively consistent with the present result.
The results of the present study demonstrate that vegetation growth with slight precipitation in the Gobi desert may significantly reduce dust emission. Consequently, it is important to quantitatively model the effect of vegetation on the dust emission mechanism.
A possible approach to a quantitative understanding of vegetation growth is the use of satellite observation data. Satellite data such as NDVI generally provide useful information. However, in desert regions, the vegetation cover is too sparse, and conventional NDVI is not sensitive enough to describe the vegetation growth. NDVI data for 2007 are available, for example, from the web site of the Global Information and Early Warning System of the Food and Agriculture Organization of the United Nations (http://www. fao.org/giews/english/spot4/mas/2007.htm#). However it is not possible to find a change like that seen in Fig. 4 , even qualitatively.
The results of the present study provide some information for describing the increase of u *, th with accumulated precipitation and a certain delay in vegetation growth. It will, however, require further field experiments in the Gobi desert to evaluate u *, th quantitatively and to find a suitable formulation of the seasonal variation including vegetation growth.
Conclusion
In this study, we compared the dust emission flux estimated using data assimilation of the lidar network data and the vegetation growth in the Gobi desert in Mongolia. The dust emission in the event at the end of May was reduced, and that was qualitatively explained by the growth of vegetation. The results indicate the importance of developing a dust-emission model considering the seasonal variation of u *, th .
The present study demonstrated that assimilation of the lidar network data was a powerful tool for estimating dust emission. The lidars in the current network are located along the dust transport path to Japan. The nearest station to the Gobi desert is in Beijing. The same method can be used in further studies on the seasonal variation of dust emission. For that purpose, we will require additional suitably located lidar stations to observe dust not transported to Japan. It will also be important to observe particle-size distributions using a surface observation network for improving dust emission and transport models. Size-distribution measurements taken with optical particle counters and/or simultaneous measurements of mass concentration and optical properties will be useful.
